Summary To investigate the mechanism with which the phosphoric amide herbicide works, the effects of microtubule inhibiting herbicide amiprophos methyl (APM) on microtubule (MT) and proteomic were analyzed in the meristem cell and the mesocotyl, root, and leaves of maize. The immunofluorescence analysis showed that APM inhibited the spindle assembly in the cells during metaphase and anaphase when root meristems were treated with 10 μM APM for 12 h. Condensation of spindle, unequal spindle and multipolar spindle were observed, resulting in the formation of chromosome condensation in metaphase and unequal segregation of chormosome in anaphase. The frequency of these abnormal cells increased with the duration of treatment. Proteomics analysis revealed that 28 protein spots were altered, including the appearance of 15 new protein spots and the disappearance of 13 pre-existing proteins in the mesocotyl, root, and leaves. MALDI-TOF MS analysis of 10 protein spots has identified as cold acclimation protein WCOR615, ubiquitin, maturase K, an ubiquitin-like protein, Cytochrome P450 monooxygenase in mesocotyl, Ferrdoxins, 2,4 DienoylCoA reductase in root, ATP-dependent protease, retrotransposn in leaves and an unnamed protein, which were involved in diverse biological processes, including protein synthesis and degradation, mRNA folding and splicing, cell cycle progression and signal transduction, energy metabolism and defense response. These results suggest that the herbicide APM is a specific chemical that interrupts microtubule dynamics and influences the expression of a number of proteins, which may be served as putative biochemical markers to monitor the toxicity of the herbicide in plants.
Amiprophos methyl (APM), a kind of phosphoric amide herbicide, can directly interrupt microtubule dynamics in plant cells (Kiermayer and Fedtke 1977 , Morejohn et al. 1984 , Ramulu et al. 1988 , 1991 , Hoffman et al. 1994 . Moreover, cell division could be blocked at metaphase when treated with APM in plant root meristems. Phosphoric amide herbicide was extensively used in agricultural production in China because of its rapid degradation and little residual problems to the environment. In previous reports, most studies have mainly focused on the effectiveness of herbicides on weeds or the secondary effects on crop yield, however, little information was available regarding the cell and genetic toxicology, especially at the biochemical and molecular levels.
The ability of plants to cope with a variety of chemical and physical stressors depends on a number of proteins (Castro et al. 2005) . Protein plays important roles in plant adapation to chemical and physical stressors, especially enzymes involved in stress repair and degradation of damaged cellular contents allowing plants to recover from and survive stress. Therefore, studying the protein changes in plant cells which were treated with herbicide APM can aid better understanding of action mechanisms.
In recent years, technical breakthroughs in protein analysis have led to the large-scale characterization of proteins involved in certain biological functions in specific organs or under particular environmental stress. The proteomes of various plants in response to different environmental cues have been studied, including salinity, low temperature, H 2 O 2 , disease, drought, water (Salekdeh et al. 2002 , Sweetlove et al. 2002 , Yan et al. 2005 , Cui et al. 2005 , Curto et al. 2006 , Gazanchian et al. 2007 , Jiang et al. 2007 ), but little information has been obtained regarding the proteome analysis in maize which has been treated with the herbicide APM. In this study, we investigated the effects of APM on mitonic spindle function and proteomic changes in maize by immunofluorescence analysis and proteomic technique. It may be valuable for the safe and reasonable use of APM in agriculture and for unravelling the action mechanisms of herbicides at the cytological and proteomic levels.
Materials and methods

Plant materials and stress treatment
Maize (Zea mays L. ceratyna kulesh) seeds were surface sterilized with a solution of 3% HgCl 2 for 5 min and were then washed 2 times with tap water. Seeds were allowed to germinate on filter paper moistened with distilled tap water in Petri dishes for 24 h at room temprature 28 C/25 C (day/nigh) with 12 h photoperiod, 3 d old seedlings were treated with a solution of APM at 10 μM respectively for 4, 6, 8, 12, 16, 20 h. Mesocotyl, roots, leaves were harvested and frozen in liquid nitrogen, kept at 75 C for protein extraction. Seedlings grown in normal conditions were used as control.
Immunofluorescence localization analysis
Root meristems, 0.1-0.2 cm long, were excised from the treatment and control seedlings. After rinsing 3 times with distilled water, the meristems were digested with an enzyme mixture (2.5% cellulase Rs and 2.5% pectolyase Y-23 diluted in 75 mM KCl and 7.5 mM EDTA; pH 4.0) at 23 C. Thirty minutes after maceration, a single root tip was used as experimental material for immunofluorescence localization analysis.
Immunofluorescence staining of microtubules was performed according to Hoshino et al. (2004) and Yemets et al. (2008) with modification. Cells were incubated for 2 h in a 100 μl droplet containing monoclonal anti-α-tubulin antibody (1 : 500). After washing 3 times with PBS, cells were incubated for 1 h at 37 C with fluoescein isothiocyanate (FITC) conjugated anti-mouse IgG (1 : 700) used as secondary antibody. Cells were washed again 3 times with PBS and then treated with DAPI (1 : 1000) for 15 min to stain DNA. Results were examined with NiRO ECLiPS 80i fluorescence microscope and taken with CCD camera (xcoo3P: Sony, Japan).
Protein extraction and 2-DE analysis
Protein extraction was performed according to Yan et al. (2005) with modifications. Frozen mesocotyl, root meristem and leaves were ground in liquid nitrogen and suspended in ice-cold 10% (w/v) TCA in acetone containing 0.07% (w/v) DTT, incubated at 20 C for 1 h, then centrifused for 30 min at 3500 g, The pellets were resuspended in 0.07% w/v DTT in acetone, incubated at 20 C for 1 h and centrifused for 30 min at 1500 g, this step was repeated 3 times and pellets were lyophilized. The resulting powder was solubilized in sample buffer (8 M urea, 35 mM Tris, 4% w/v CHAPS, 1% pH 5-7 ampholine, 0.4% pH 3-10 ampholine, 1% w/v DTT). Total protein content was determined for each sample according to the method described by Bradford (1976) using BSA as a standard. Two-dimensional electrophoresis of protein extracts was performed using the Castro et al. (2005) method with modifications. For IEF, pH 3-10 IPG strips (13 cm, linear) were used according to the manufacturer s recommendations (Bio-Rad), Approximately 60 μg of each protein sample were diluted to a final volume of 300 μl in solubilization buffer and subsequently applied by in-gel rehydration at 300 V for 10 h on to dried polyacrylamide gel.
Focusing was performed in 3 steps: 300 V and 1000 V for 1 h each followed by a linear increase from 1000-8000 V, and finally 8000 V to give a total of 70 kV h. The gel strips were equilibrated for 20 min in equibration buffer (60 mM Tris-HCl, pH 6-8, 1% DTT, 10% glycerol, 2% SDS). The second dimension separation of protein was performed with 12.5% SDS-PAGE according to the Laemmli buffer system (1970) . Focused gels were placed on top of vertical slabs, and then 1% (w/v) agarose containing 0.15 M Bis-Tris/0.1 M HCl and 0.2% (w/v) SDS was overlayered and allowed to polymerize. The electrophoresis carried a constant voltage of 80 V for 5 h in a Biorad unit. The protein spots in the analysis were visualized by silver staining (Wary et al. 1981) and MS analysis gels were stained with Colloidal Coomassie Brilliant Blue G 250. At least 3 replications were performed for each sample.
In-gel digestion MALDI-TOF MS analysis
Protein spots which were newly induced or which disappeared during the treatment were selected and excised manually from the preparative gels for protein identification. They were washed 3 times with ultrapure water, destained twice with 50 mM NH 4 HCO 3 , dried twice with 100% acetonitrile and digested overnight at 37% with 0.1% TFA in 50% acetonitrile. Extracts were poled and lyophilized. The resulting lyophilized tryptic peptides were dissolved in 5 mg/ml CHCA containing 0.1% TFA and 50% acetonitrile. All mass spectra of MALDI-TOF MS were obtained on a ABI 4700 mass spectormeter (USA) in positive ion mode. The trypsin autolysis products were used as the internally calibration. All obtained peptide mass fingerprints were analyzed using Mascot Search against NCBI green plants database (Viridiplantae) . To denote a protein as an unambiguous identification, the following criteria were used: coverage of the mature protein by the matching peptides must reach a minimum of 15%, and at least 5 independent peptides should match, with a mass tolerance of 0.1 Da and 1 missed cleavage site.
Results
The effects of APM on mitotic spindles assembly
In this research, we investigated the influence of APM directly on plant microtubules in Zea mays. The results revealed that spindle assembly was seriously disturbed in treated cells (10 μM APM for 12 h), which displayed condensation spindles (Fig. 1 , A-C, D-F), inequality spindles (Fig. 1, G-I ) and multipolar spindles (Fig. 1, J-L) . The mitotic spindles of treated cells were damaged after the APM action. In normal division cells, chromosomes attach to the microtubules of the spindle and are oriented at the equatorial plate, and anaphase cells are formed (Fig. 2) . In multipolar spindles division cells, however, we found that metaphase chromosomes were not arranged regularly along the equatorial plate, due to disturbed spindle function. These multipolar spindles division cells, shown in Fig. 1 (J-L) , displayed a typical type of multipolar spindle division cell. Such multipolar mitoses result in the formation of cells containing multipolar spindles. Multipolar spindle division cells were observed very easily in the present study, and cells with 3 polar and 4 polar spindle cells were observed at a very high frequency. Five polar and 6 polar spindle division cells could also be observed in a few cells. As the time-treatment of the APM increased, the frequency of cells with multipolar spindle division cells increased, but multipolor spindle division cells were not found in the control. Table 1 gives data on multipolar spindle division cells after treament with 10 μm of APM for 4-20 h. Data are based on a scoring of at least 1000 cells from root meristems per treament.
The present findings, which were obtained by analysis of spindle assembly, are in agreement with our earlier reports about multipolar division cells formation after APM treatment, but, in this study, experimental results were obtained by using immunofluorescence localization analysis of spindles. These results indicated APM to be a specific chemical that directly interrupts microtublule dynamics in plant cells; it disturbs the spindle assembly and results in abnormal metaphase and anaphase division cells formation.
Proteome changes in maize tissues after APM exposure
To identify the changes in protein species induced by APM treatment in maize tissues, we analysed the protein composition by proteomic techniques after APM treatment. Samples of proteins isolated from mesocotyl, root meristems and leaves in maize, which had been treated with 10 μmol/l APM for 4-20 h, were separated by isoelectric focusing on linear pH gradient ranging from pH 3-10. 2D IEF/PAGE gel maps displaying up to about 1500 spots were visualized from me- socotyl samples. Figures 3A , B present the 2D protein patterns obtained from control and APMtreated mesocotyl samples. A total of 12 protein spots showed an altered expression pattern in the APM treated mesocotyl compared with control. APM induced the appearance of 7 new protein spots (spot 1-spot 7, Fig. 3B ) and the disappearance of 5 pre-existing protein spots (spot 8-spot 12, Fig. 3A ), while some other protein spots were significantly amplified and reduced in amount in comparison to control. Figure 6 denotes the expression changes of some maize mesocotyl proteins after exposure to the herbicide APM. Maize seedlings grown in the presence of 10 μM APM, control and APMtreated mesocotyl were sampled after 4, 8, 12, 16 and 20 h of exposure to the herbicide APM. It was indicated that the first noticeable variation in protein patterns started 12 h after the transfer of seedlings to APM. Some new protein spots were induced and some pre-existing protein spots had disappeared and these experiment results continued after 16, 20 h treatment. The results of the root meristems analysis shown in Fig. 4 , were obtained using 2D gel which was stained with Colloide Coomassie Brillant blue G250 in the root. More than 1000 protein spots were detected, and there were at least 8 protein spots displaying changes in their expression level in the APM-treated root compared with control; 6 out of 8 protein spots (spot 1-spot 6) had disappeared (Fig. 4A ) and 2 protein spots, spot 7-spot 8, were newly induced (Fig. 4B) . These protein expression changes still remained significant after 16, 20 h (results not shown). There are some other protein spots which were amplified and reduced in amount in comparison to control. More than 1000 protein spots were detected and 6 new protein spots (spot 1-spot 6) were induced (Fig.  5A) , while 2 protein spots (spot 7-spot 8) disappeared (Fig. 5B ) in APM-treated leaves. There are also some other protein spots which were amplified and reduced in amount in comparison to control.
Identification of herbicide APM responsive proteins
28 protein spots, which were induced or caused to disappear by the herbicide APM, were selected and excised for tryptic digestion and analysis by MALDI-TOF MS. 3 protein spots had no MS/MS date because of their low abundance and 13 spots could not be identified; although they had MS/MS date, their theoretical mass and pI did not fit well with the experimental ones, thus their identities need to be further confirmed. 10 protein spots were identified with high probability. The MS analysis result of herbicide-APM-responsive-protein spots is shown in Fig. 7 as an example. From BLAST search, in the mesocotyl, 2 disappeared spots were spot 8, the cold acclimation protein WCOR615, and spot 9, ubiquitin (Fig. 3A) . The three newly induced spots were spot 1, maturase K, spot 2, chain A (a ubiquitin-like protein only slightly similar to ubiquitin), and spot 4, Cytochrome P450 monooxygenase. In the root, 5 pre-existing protein spots disappeared and of these 3 protein spots were identified, namely as were spot 1, Ferredoxins, spot 4, an unnamed protein product in maize, and spot 6, 2,4-dienoyl-CoA reductase (Fig. 4A) . Two new protein spots were induced, they were spot 7 and spot 8, but they were not identified (Fig. 4B) . In leaves, 2 pre-existing protein spots, spots 7-spots 8 (Fig. 5B) were caused to disappear and 6 new protein spots, spots 1-spots 6 (Fig. 5A) , were induced. 2 protein spots were identfied, namely as spot 1, ATP-dependent protease and spot 8, retrotransposon protein.
Discussion
The 10 protein spots which were induced or caused to disappear by 10 μmol/l herbicide APM were identified by MS/MS, and their functional classification was shown in Table 2 . These identified APM responsive proteins were found to be involved in diverse biological processes such as covering protein synthesis and degradation, mRNA folding and splicing, cell cycle progression, signal transduction, energy pathway and defense response. Moreover, the cold acclimation protein WCOR615 and ubiquitin, located in the mesocotyl, markedly disappeared after 12 h of APM stress treatment, suggesting that these 2 proteins were regulated at translation levels. It was reported that cold acclimation proteins will be induced in organisms after cold stimulation, and the cold acclimation protein WCOR615 plays an important role in regulating protein systhesis. We show here that WCOR615 was markedly reduced by herbicide stress. These results revealed that WCOR615 may involved in the response to APM stress reaction. Ubiquitin also disappeared after 12 h of APM stress treatment in our study. Ubiquitin and its family have been studied intensively, and we know that it is the founding member of a family of structurally conserved proteins that regulate a host of processes in eukaryotic cells (Hartley et al. 2009 ). Furthermore, ubiquitin is a small polypeptide that covalently modifies other cellular proteins and targets them to the proteasome for degradation.
Further, it has been demonstrated to play a critical role in the regulation of many cellular processes, such as cell cycle progression, cell signaling and immune recognition. We also found that 3 new proteins were induced in the mesocotyl, firstly maturase K, an RNA splicing protein which is also a DNA endonuclease; its activity is required for intron mobilization. This protein was induced after 12 h of APM stress and still remained after 16 and 20 h. Secondly, a ubiquitin-like protein, which was recognized as a signal for protein degradation, and thirdly Cytochrome P450 monooxygenase, one of the largest enzyme families, which is predicted to protect plants from suffering toxic compounds in the environment. Some P450s are related to herbicide tolerance and are induced by chemicals in the plant cells. Hirose et al. (2007) isolated a novel P450 cDNA (CYP72A21) from rice seedlings treated with auxins and herbicide, and showed that it displayed a tissue-specific expression in rice roots, stems and leaves. So far, 356 P450 genes in higher plants have been reported (Nelson et al. 2004) , however, proteome information on plant P450 is limited. Our results showed that P450 was induced tissue-specifically, mainly in the roots. It should be pointed out that some protein spots, which were induced or caused to disappear in maize at 10 μM herbicide APM-treatment for 12 h, still remained after 16, 20 h treatment when we adopted a treatment process of progressively increasing the herbicide stress. Therefore, the specific roles of these changed proteins in response to APM stress remain to be established.
Our experimental results demonstrate that the expression of 2 proteins responsible for electron transfer was inhibited remarkably under APM stress in root. Ferredoxins are small proteins containing iron and sulfur atoms organized as iron-sulfur clusters. These proteins can mediate electron transfer in a range of metabolic reactions and accept or discharge electrons, the effect being to create a charge in the oxidation states (+2 or +3) of the iron atom (Gummadova et al. 2007) . 2,4 dienoyl-CoA reductase participates in beta oxidation and the metabolism of unsaturated fatty enoylCoA esters. In leaves, 8 protein spots were changed in APM-treated seedlings, and 2 of these protein spots were identified by MS. ATP-dependent protease was induced and retrotransposon proteins disappeared. ATP-dependent protease is one of the simplest ATPase-dependent protease that plays a vital role in maintaining cellular functions by selectively eliminating misfolded or damaged proteins. Retrotransposons are the most abundant mobile element and a major constituent of plant genomes. All RNA retrotransposons transpose replicatively within host genomes via RNA intermediates. Retrotransposon proteins participates in the process of reverse transcrption.
The combination of immunofluorescence localization observation and proteomic analysis provided us with a better understanding of herbicide APM-tolerance mechanisms in maize. Our results suggest that maize may tolerate not more than 10 μM of stress from the phosphoric amide herbicide APM. This concentration was thought to be a threshold for each effect. 10 μM or more of this concentration will destroy mitotic spindles, or induce inequality in spindle division cells and multipolar spindle division cells. The protein expression patterns of mesocotyl in root meristems and leaves were altered, and a total of 28 protein spots were induced or caused to disappear. 10 protein spots among 28 protein spots were identified by MALDI-TOF MS. These identified APM-reponsive proteins were found to be involved in diverse biological processes such as the existence of significant changes in the proteome of the organs analysed. Together with cytological data and immunofluoresence localization, the analyses in this study suggest that the herbicide APM could act systemically in maize tissue. In addition, some of the proteins identified in this study could serve as putative biochemical markers to monitor the presence of the toxicity of herbicide in plant cells.
